Abstract White-light (WL) flares have been observed and studied more than a century since the first discovery. However, some fundamental physics behind the brilliant emission remains highly controversial. One of the important facts in addressing the flare energetics is the spatialtemporal correlation between the white-light emission and the hard X-ray radiation, presumably suggesting that the energetic electrons are the energy sources. In this study, we present a statistical analysis of 25 strong flares (≥M5) observed simultaneously by the Helioseismic and Magnetic Imager (HMI) on board the Solar Dynamics Observatory (SDO) and the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI). Among these events, WL emission was detected by SDO/HMI in 13 flares, associated with HXR emission. To quantitatively describe the strength of WL emission, equivalent area (EA) is defined as the integrated contrast enhancement over the entire flaring area. Our results show that the equivalent area is inversely proportional to the HXR power index, indicating that stronger WL emission tends to be associated with larger population of high energy electrons. However, no obvious correlation is found between WL emission and flux of non-thermal electrons at 50 keV. For the other group of 13 flares without detectable WL emission, the HXR spectra are softer (larger power index) than those flares with WL emission, especially for the X-class flares in this group.
The Energetics of White-light Flares 3 radiation. The associations between WL and HXR during flares were proposed by Rust & Hegwer (1975) , and confirmed by observations in both spatial and temporal perspectives (e.g. Neidig et al., 1993a; Xu et al., 2004; Hudson et al., 2006) . Therefore, coordinated analysis of WL and HXR can reveal the mechanism of how these high-energy electrons should generate bursts of emissions. Battaglia & Kontar (2011) compared EUV, WL and HXR emission of a limb flare using data from SDO/HMI, SDO/AIA and RHESSI. They found that the EUV emission comes from higher layers (3 Mm from the photoshpere) where low energy electrons (∼ 12 keV) deposit their energies. The HXR of 35-100 keV is suggested in lower layers in a range of 1.7 Mm to 0.8 Mm and the WL locates a little higher at 1.5 Mm. Martínez Oliveros et al. (2012) related WL with HXR in a similar energy range of 30-80 keV. However, they found the formation heights were rather lower for both WL and HXR at 195 km and 305 km, respectively. Cheng et al. (2015) further confirms the temporal correlation between WL and HXR emission (26-50 keV) using SDO and Fermi data, respectively. Hao et al. (2012) studied an M6.3 flare close to the disk center. Their results show a clear Balmer jump and classify this flare as an type I flare (Fang & Ding, 1995) with direct link to electron precipitation.
Motivated by the above case studies, we attempt to relate the quantitative characteristics of WL and HXR emission statistically. Besides the total energy of carried by accelerated electrons, the distribution of electrons as a function of energy is very important and a key parameter for numerical simulations. By solving the radiative hydrodynamic equations, the atmosphere response to the precipitating electron beams can be simulated. The original idea was developed for stellar flare emission, therefore this kind of simulations are simplified to deal with one dimensional configurations (along the direction of flare loops). The input parameters can be assumed or derived from the HXR observations. Previous studies have matched the simulated results with the observed emission at a certain level (e.g. Allred et al., 2005; Cheng et al., 2010; Rubio da Costa et al., 2016) . Usually, HXR emission composes two components, thermal and non-thermal emission. The non-thermal emission always has power-law spectrum, which can be described as one or more linear functions in a log-log plot. The slope of such a linear function, also known as power index, is the key parameter in determining the contribution of the high energy electrons to the entire HXR emission. To quantitatively denote the WL emission strength, we followed the work of Wang et al. (2008) . For each WL flare, they integrated the contrast over the areas of WL flare kernels and defined this quantity as equivalent area (EA), which describes the strength and extent of WL emissions. In this paper, we present the investigation of a series of WL flares. Comparing and correlating WL and HXR emissions, we try to answer whether direct heating or back warming dominates in powering WL flares.
OBSERVATIONS AND DATA REDUCTION
Solar Dynamics Observatory (SDO; Pesnell et al. (2012) ) has been monitoring the Sun since its first light in 2010 and flying with three major experiments-Atmospheric Imaging Assembly (AIA), EUV Variability Experiment (EVE), Helioseismic and Magnetic Imager (HMI). Among those three, HMI provides full disk maps of visible intensity and vector magnetograms. The intensity maps are obtained by taking six sampling points across the Fe I absorption line 6173.3Å estimating the Doppler shift, linewidth, and linedepth, then "reconstructing" the continuum intensity (Schou et al., 2012 Although it was predicted theoretically and confirmed observationally that the WL emission is a common feature not only for most violent events, it is still generally accepted that the stronger flares are more likely to be associated with detectable WL enhancement. The reason is that the detection of WL flares depends on the capabilities of instruments, for instance the resolution and dynamic range. Neidig & Cliver (1983b) found that WL emission can be found only in X-class flares. Wang et al. (2008) extend the lower limit to M-class by studying Hinode observations. Using even large telescope, the 1-m Swedish telescope, Jess et al. (2008) found strong WL emission in a C-class flare.
According to the resolution conditions of HMI, we set a threshold of M5.0 to select events. In addition, to minimize the projection effect, near limb events (≥ 50 • ) are excluded. Also, there are gaps of RHESSI observations, such as satellite night & South Atlantic Anomaly (SAA). Therefore, we need to eliminate the events which were not covered by RHESSI. In practice, we first select all events covered by RHESSI which occurred close to the disk center. During the period from March 2010 to June 2015, 25 flares satisfied with the criteria including flares from GOES class of M5.1 to X3.1. Among these events, we observed that the WL signals were present not only the in strongest X-class, but also in some of the M-class flares. Moreover, some X class flares do not have detectable WL enhancement signal. Therefore, we split the events into two categories, with and without WL emission, as shown in Table 1 and Table 2 . For each event, we obtained a full-disk image sequence observed by HMI about 10 minutes prior to the HXR flux peak lasting at least 15 minutes. Then we zoomed in to the flare region with a small FOV including the entire flare sources identified by HXR images. All the images are then aligned spatially using the first frame as a reference. is retrieved. In the middle panel of Figure 2 , an image is shown during the peak of the flare. A very weak brightening can be seen around the center but not significant. In the difference image, shown in the right panel, two elongated flare sources appear as outlined by red contours. To quantitatively describe the WL emission, we defined the equivalent area (EA) following Wang et al. (2008) . First, we calculate the standard deviation in the reference area, then the threshold was set as 3 times of standard deviations in this region to obtain the areas of WL sources. Second, we calculate the EA by integrating the contrast enhancement over
The Energetics of White-light Flares For events without detectable WL emission, the flare peak times are defined as the maxima in 25-50 keV HXR emission. HXR spectra during the peak times are then constructed using the default setups of RHESSI GUI with pileup correction because all the events are stronger than M5.0. The spectral fitting involves two models, the variable thermal (vth) and the broken power law (bpow), in which the former represents the thermal HXR component usually in low energy ranges, and latter represents the non-thermal component.
Our interest is the non-thermal component, representing the high energy part and usually is correlated with HXR footpoint and WL emissions. The representative parameter of the non-thermal component is the power index, which is the absolute value of the fitted line slop in log-log space. In principle, the power index is inversely correlated with the population of high energy electrons. In other words, a higher power index indicates a softer spectrum with relatively less high energy electrons but a lower power index represents a harder spectrum with relatively more high energy electrons. Figure 1 shows a sample spectrum of the 2014-03-29 event. The power index for this event is 2.67. We carried out the spectral analysis and obtained the power indices for all the 25 events and listed the results in Table 1 
RESULTS AND DISCUSSION
Among the 25 events we selected, 13 of them are companioned with WL flare signal, and the other 12 are not. Figure 3 distribution of high-energy non-thermal electrons is more important, and the electrons in higher energy are closer related to the generation of WL flares. However, using a larger data set and different method in detecting WL, Kuhar et al. (2016) found a positive correlation between WL emissions and HXR fluxes at 30 keV. Moreover, their result shows no clear correlation between the WL emission and HXR spectral indices, which is also different from our result. The discrepancy is mainly due to the method of measuring the EA of WL emission. For each flare, Kuhar et al. (2016) integrated all the excess WL flux automatically within a certain level of HXR contour. In our study, we manually set thresholds for the WL flare kernels which can be identified visually. Therefore, only the intense flare cores are included in our analysis. According halos. By concentrating on the core emission, we exclude the contamination of halos and other uncertainties introduced by the misalignment among frames in a time sequence.
The HXR power indices and the WL EA of the other 12 non-WL flares are plotted in Figure 6 . Again, the green and red colors are used for M-class and X-class flares, respectively. It is clear that two distinct groups can be defined for M-and X-class flares. For the X-class flares without detectable WL enhancement, we see that all of the four events have relatively higher power indices (>6), which implies that they have less high-energy electrons. This results is consistent with the result of WL flares discussed above. However, for M-class non-WL flares, their power indices can be small indicating the spectra are as hard as the WL flares.
In summary, we surveyed disk-center events above GOES class of M5.0 after SDO was launched and covered by RHESSI, and 25 were found. We calculated the EA to quantitatively describe the strength of WL emission, as well as the power index of HXR to denote the population of high-energy non-thermal
The Energetics of White-light Flares 13 electrons which have higher penetrating capability. Comparing the EA and power index, we found a negative correlation between them. This result suggests that the high-energy electrons play important role in the flare heating, especially in producing WL emission of strong flares. On the other hand, our result of the M-class flare, especially those without WL emission, confirms that the power index is not the only or most important parameter to determine the WL emission. Considering the complexity of WL and HXR emission, our results in this study are preliminary and can be improved by carrying out more comprehensive analysis. For instance, the hmi.Ic 45s data from HMI/SDO is not real continuum data but reconstructed by intensity data at six spectral points, which can introduce uncertainties of intensity measurements. For the future analysis, more precise results can be obtained by including filtergrams without any reconstruction and using higher spatialtemporal resolutions.
